ABSTRACT
INTRODUCTION
Fast and reliable genome typing of pathogenic microorganisms is necessary for the identification of closely related strains, for epidemiological studies, and for the detection of genetic changes (11) . Some high-throughput typing systems such as SNP analysis or microarray analysis depend on prior knowledge of sequence information, but these are not useful for the detection of new sequences that arise from the acquisition of plasmids or de novo mutation. These are also not useful for the analysis of genomes that have not yet been sequenced. In these cases, random sampling methods based on randomly primed PCR or RFLP in its various forms are necessary.
The techniques currently being used for this purpose include plasmid profiling (14) , AP-PCR (25) , ribotyping by hybridization of genomic DNA with ribosomic DNA (2), pulsed-field gel electrophoresis following restriction enzyme digestion (17, 23, 24) , AFLP (5, 15) , multilocus restriction typing (1), multilocus enzyme electrophoresis (18) , multilocus sequence typing (7) , and restriction fragment end labeling (20, 22) .
Each of these methods has inherent limitations. Plasmid profiling is restricted to the subset of bacterial species that carry "mega" plasmids. AP-PCR is rapid but is one of the least reproducible techniques for typing. Ribotyping is reproducible, but it is labor intensive because it involves the hybridization of a labeled probe, and it has limited discrimination power because fewer bands are analyzed and because it focuses on only one cluster of genes (22) .
The current most widely used method for bacterial typing is pulsedfield gel electrophoresis (12, 21) . The method is based on the digestion of bacterial genomic DNA with rare cutting restriction enzymes to produce a limited number of high molecular weight fragments that are then resolved by pulsed-field gel electrophoresis. The method has high reproducibility and high discrimination power. The major limitations are that DNA extraction and restriction enzyme digestion must be performed on bacterial cells embedded in a supportive agarose matrix to avoid shearing of the high molecular weight fragments (3, 21) and that pulsed-field gel electrophoresis requires specialized equipment and the time to complete an analysis is six days (4) .
AFLP is a PCR-based method and generally has higher discriminatory power than pulsed-field gel electrophoresis because a larger number of fragments are analyzed (13, 26) . In practice, the number of fragments is controlled by the choice of nucleotides at the 3′ ends of the primer(s) used. Disadvantages common to this and other PCR-based techniques include the high cost of multiple analyses and an interassay reproducibility that is reported to be as low as 90% (6, 22) .
Restriction fragment end labeling is the method with the greatest potential for genomic typing. It gives high discriminatory power and reproducibility (3, 8) , and its uniform band intensity permits automated computer analysis. The main disadvantage of restriction fragment end labeling is that there are too many fragments in the high molecular weight range. A polyacrylamide gel can resolve 30 restriction fragment end labeling fragments in the range from 100 to 400 bp, but the fragments above this size range are too close together for analysis (22) .
Of the two most commonly used electrophoresis gel materials, polyacrylamide is suitable for analysis of low molecular weight fragments (20-1000 bp), while agarose is better for the analysis of high molecular weight fragments (1-20 kb) . In gel electrophoresis, migration distance is a nonlinear function of molecular size. The consequence of this is that, when a mixture containing equal numbers of fragments distributed over a wide range of sizes is separated by this technique, the distance between shorter fragments is greater than the distance between longer fragments. Longer fragments tend to overlap under conditions that give quite satisfactory separation of smaller fragments.
This limitation can be overcome by progressively removing high molecular weight fragments until there is equal band spacing over the entire length of the gel. Here we report the development of a subtraction protocol that increases the number of detectable bands on a single DNA fingerprint and its ability to discriminate between closely related bacterial isolates.
MATERIALS AND METHODS

Overview of the Subtracted Restriction Fingerprinting Technique
Subtracted restriction fingerprinting (SRF) is based on restriction fragment end labeling followed by selective capture and removal of biotin-tagged DNA fragments by streptavidin-coated magnetic particles (Figure 1 ). The number and size distribution of fragments are determined by the choice of two restriction enzymes used to digest the bacterial DNA. Three types of fragments result from the double digestion: (i) those produced by two cuts of the "detection" enzyme, (ii) those produced by two cuts of the "subtraction" enzyme, and (iii) those produced with one cut by the detection and one cut by the subtraction enzyme. Enzymes are selected to produce distinctive 5′ overhangs that can be subsequently filled by Klenow enzyme. EcoRI, for example, produces a four-base overhang with the sequence TTAA, while MluI produces a four-base overhang with the sequence GCGC. Using this combination of enzymes, type A fragments have TTAA overhangs, type B fragments have GCGC overhangs, and type C fragments have a TTAA overhang at one end and a GCGC overhang at the other end.
After restriction digestion is completed, Klenow enzyme is added along with digoxigenin-tagged dUTP, biotintagged dCTP, and unlabeled dATP and dGTP to complete the filling reaction. Type B and C fragments (having at least one end with a GCGC overhang) incorporate biotinylated dCTP and are subsequently removed with streptavidin-coated magnetic particles or columns. Type A fragments do not incorporate biotin but instead have both ends tagged with digoxigenin. These remain in the supernatant after streptavidin subtraction. In the simplest application of SRF, these fragments are separated by agarose gel electrophoresis and, after transfer to a nylon membrane, are visualized by a commercial kit for immunochemical detection based on an anti-digoxigenin antibody conjugated to alkaline phosphatase. 
Bacterial DNA Samples
Bacterial DNA was extracted from three isolates of Salmonella enterica subsp. enterica serovar Dublin [(S.) Dublin] and three laboratory E. coli strains (DH5α, JM110, and JM2163) by the standard lysozyme-phenol procedure for Gram-negative bacteria. Single colonies were inoculated into 5 mL LB medium (16) and grown overnight at 37°C. The bacteria were pelleted by centrifugation for 15 min at 7000× g at 4°C, resuspended in 2 mL TES buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 100 mM NaCl), and centrifuged again for 15 min. The pellet was then resuspended in 500 µL TES buffer and, after the addition of 20 µL aqueous lysozyme solution (100 mg/mL; Sigma, Deisenhofen, Germany), was incubated for 40 min at 37°C. Subsequently, 20 µL of an aqueous solution of 10% SDS were added. After 10 min at room temperature, the DNA was extracted twice with phenol:chloroform:pentanol (25:24:1; Roth, Karlsruhe, Germany) and twice with chloroform:pentanol (24:1; Roth). The DNA was then precipitated from the supernatant by the addition of an equal volume of isopropanol (Roth). After centrifugation for 20 min at 13 000× g, the cleared supernatant was carefully removed, and the DNA pellet remaining was briefly dried and then resuspended overnight at 4°C in 50 µL double-distilled water. An aliquot was checked for degradation by agarose gel electrophoresis.
Selection of Potential SRF Enzyme Pairs
Our approach was to settle on EcoRI as the enzyme of choice for 5′ TTAA overhang production-it is neither a rare cutter nor a frequent cutter. With that decision fixed, it was then only necessary to find a suitable partner enzyme-a frequent cutter that would produce a 5′ G/C containing overhang. A list of such enzymes was found by going to (http://rebase.neb.com/rebase/ rebase.charts.html) and selecting "enzymes producing 5′ overhangs". We limited our search to those producing four C/G nucleotide overhangs (AgeI, BetI, BspMII, Cfr10I, Eco56I, SgrAI, Sse232I, XmaI, AscI, BsePI, MluI, and SelI). Cutting frequency tables can be found in the online catalog of New England Biolabs (www.neb.com) and then going to "Online Technical Literature, Genomic Analysis" and clicking on the hypertext in the sentence "Summarized in this table are predicted average fragment sizes generated by commonly used restriction enzymes in various genomes". One procedure was to search through a sequence file with the recognition sequence for a selected enzyme using a word processor and counting hits. An alternative method for selecting potential partner enzymes was: (i) use Internet browser to connect to the NEBcutter (http://tools.neb.com/ NEBcutter); (ii) insert sequence data from the bacterial genome of interest into the cutting window (limit is 200 kb); (iii) click on "Submit" and select the feature "Custom Digest" to allow the testing of a subset of candidate enzymes; (iv) select enzymes to test; and (v) click on "Digest". The results of the test are shown in two forms; we found the "Alternative display" was the most useful for this purpose. In testing the candidate enzyme pairs, we actually used isoschizomers of the above enzymes (PauI is the isoschizomer of BsePI and gave satisfactory results for Salmonella.
Restriction Enzyme Digestion
We used EcoRI (New England Biolabs GmbH, Frankfurt, Germany) as the detection enzyme (produces TTAA overhangs and an average fragment size of 7 kb in the E. coli genome). Various subtraction enzymes (produce GCGC overhangs and cut more frequently) were MluI, PauI, and Cfr10I (MBI Fermentas, St. Leon-Rot, Germany), which give average fragment sizes of 4000, 2000, and 800 bp, respectively, in the E. coli genome. In a typical reaction, 100-500 ng genomic DNA are digested with 4 U EcoRI and 5 U of one of the subtraction enzymes and incubated at 37°C for 2 h in 30 µL total volume with the restriction buffer (NE buffer) 3 (New England Biolabs GmbH).
Filling Reaction
The recessed ends remaining after restriction enzyme digestion were filled in either with Klenow enzyme (New England Biolabs GmbH or MBI Fermentas) or T4 DNA polymerase (MBI Fermentas). For filling in the recessed ends, 2 µL dNTP mixture were added directly to a tube containing 30 µL restriction enzyme digest to give 40 µM dATP, 40 µM dGTP, 2 µM Dig-dUTP, and 2 µM Bio-dCTP. At this point, 0.2 µL Klenow enzyme (0.4 U) was added, and the reaction was allowed to proceed for 10 min at room temperature.
The unincorporated dNTPs were removed with spin columns (Quantum PREP ® PCR Kleen Spin Columns; Bio-Rad Laboratories GmbH, Munich, Germany) by centrifugation at 1000× g for 2 min at room temperature. Columns can be reused by washing and refilling with 800 µL prehydrated Sephadex ® G-50 (Amersham Biosciences, Freiburg, Germany) using 800 µL matrix per column.
Streptavidin Capture of Restriction Fragments
Before use, magnetic particles (Roche Applied Science, Mannheim, Germany) were washed twice in highsalt capture solution (2 M NaCl, 20 mM Tris, and 2 mM EDTA) at a ratio of 1 volume of particles to 6 volumes of capture solution to remove sodium azide. After the second wash, the particles were resuspended in fresh capture solution at a final ratio of 1:6.
An equal volume of the prewashed magnetic particles (approximately 33 µL containing 50 µg) was added to each tube of desalted filled restriction fragments. The tubes were incubated for 2 h at room temperature with continuous rotation to keep the particles in suspension. Separation was performed in a magnetic rack (Dynal MPC-P-12; Dynal GmbH, Hamburg, Germany) that held the biotinylated DNA fragments against one side of each tube. The resultant suspensions of purified type A fragments were transferred with a micropipet to spin columns for a second desalting step (as described above), then placed in a vacuum concentrator, and reduced from approximately 66 µL to 10 µL so that the samples would fit into the wells of the agarose gel.
For comparison, we also performed the capture of restriction products with AffiniTips Strep 20 (Hydros, FalResearch Report mouth, MA, USA). These are pipet tip columns containing recombinant streptavidin covalently coupled to a porous element within the tip. These fit onto a standard micropipet, and each sample is simply pipetted up and down for 2-3 min to achieve complete removal of biotin labeled fragments.
Electrophoretic Separation of the Restriction Fragments
In most cases, samples were run on 20-cm 1.2% agarose gels at 100 V for 16 h. For higher resolution for (S.) Dublin isolates, a 30-cm agarose gel was used. Once electrophoresis was completed, the gel was treated by alkaline solution containing 1 M NaCl and 0.5 M NaOH to denature DNA fragments and then neutralized with 1 M NaCl, 0.5 M Tris, pH 7.5, for 30-40 min.
Detection of the Separated Restriction Fragments
Transfer of DNA fragments from the gel to a nylon support (Hybond-N+; Amersham Biosciences) required 1 h using 10× SSC and a PosiBlot Pressure Blotter (Stratagene Europe, Amsterdam, The Netherlands). After transfer, DNA was immobilized on the filter by UV treatment (120 mJ/cm 2 ) using a Stratalinker (Stratagene Europe). Detection of digoxigenin-labeled DNA on the filter was performed according to the manufacturer's instructions (Roche Applied Science). Briefly, the filter was preincubated for 30 min in blocking solution (0.1 M maleic acid, 0.15 M NaCl, 1× Roche blocking reagent, pH 7.5) and then treated with an alkaline phosphatase-conjugated antibody against digoxigenin diluted 1:5000 in blocking solution. Unbound antibody was removed by 2 × 15 min washes with maleic acid buffer. After a short equilibration in alkaline buffer (0.1 M Tris, pH 9.5, 0.1 M NaCl), the filter was sealed in a plastic bag containing developing solution consisting of two chromogenic substrates for alkaline phosphatase NBT and BCIP in alkaline buffer. Development was occasionally checked visually but was usually completed within 16 h. Images were captured with a CCD camera and saved as TIFF files for further evaluation. 
RESULTS
Capture Efficiency
Complete capture and removal of unwanted fragments are essential to the method. With 50 µg streptavidin-coated magnetic particles, the maximum amount of captured biotinylated DNA achieved with high-salt capture buffer (containing 1 M NaCl) was in the order of 1 µg, as shown in Figure 2 . The result obtained with 1 µg biotinylated DNA is shown in Figure 2 , lane 3, while the result obtained with 1.5 µg biotinylated DNA is shown in lane 2. This was in good agreement with the manufacturer's estimate that 1 mg of magnetic particles can bind 10 pmol of a 1.5-kb DNA fragment containing a single biotin-labeled end. In the first case, the result was a relatively clean filter with discrete, strong bands representing the small remaining population of DNA fragments-those without a biotin subtraction tag. In the overloaded system, shown in Figure 2 , lane 2, some of biotin-tagged fragments escaped capture and appeared as additional weak bands on the filter. A similar result (not shown) was obtained with 1 µg DNA when the concentration of sodium chloride was reduced to 0.1 M, demonstrating that high-salt buffer was necessary.
The Affini-Tip streptavidin pipet-tip columns were more efficient than magnetic particles. With the high-salt (1 M NaCl) capture buffer used for magnetic particle capture, Affini-Tip columns could remove 1.5 µg biotinylated DNA fragments. In low-salt (0.1 M NaCl) buffer, it was possible to subtract 1 µg biotinylated DNA, but some background appeared with 1.5 µg DNA (Figure 2, lane 1) ; however, this was no advantage in practice, as a desalting step was required with either buffer.
With either method, it was necessary to remove salt after the subtraction step before electrophoresis. The 0.1 M NaCl, which was sufficient for subtraction with Affini-Tip columns, required a desalting step because it was necessary to reduce the sample volume by evaporation before loading onto the gel. Complete removal of biotin-agged fragments with Affini-Tip columns required only a few minutes of pipetting in contrast to the 2 h needed for magnetic particle capture.
The amount of chromosomal DNA required for a strong fingerprint image ranged from 100 to 500 ng total DNA, so the routine capture protocol based on 50 µg of magnetic particles and a high-salt capture buffer ensured at least 2-fold excess in absorption capacity.
Without capture, double digestion of 1 µg E. coli genomic DNA with the combination of EcoRI and Cfr10I produced so many fragments that only a smear could be seen after electrophoresis (not shown).
Restriction Enzyme Combinations
EcoRI was selected as the TTAAproducing detection enzyme. It gave an average fragment length with E. coli genomic DNA of 7 kb, which was suitable for analysis with the present agarose gel electrophoresis system.
The three subtraction enzymes tested-MluI, PauI, and Cfr10I-cut at an average frequency of 4000, 2000, and 800 bp, respectively, in E. coli. As shown in Figure 3 , there is a progressive decline in the number of detected fragments after magnetic bead capture when the subtraction enzyme cuts more frequently. The use of MluI gave about 65 bands, PauI produced about 45 bands, and Cfr10I produced about 22 in the size range from 1264 to 6369 bp ( Figure 3, lanes 3, 2, and 1 , respectively).
For typing E. coli using EcoRI as the detection enzyme, the best subtraction enzyme for a 20-cm agarose gel was Cfr10I. While it might seem an advantage to use MluI because with 65 bands it could give greater discrimination power, Figure 3 , lane 3, shows that it would be difficult to resolve that number of bands using a 20-cm agarose gel. The EcoRI + PauI combination ( Figure 3, lane 2) produced an intermediate number of bands that could be resolved with conventional image analysis programs, although some overlap between bands is apparent. The EcoRI + Cfr10I combination (Figure 3, lane 1) gives the clearest picture, which ensures high reproducibility.
The Banding Pattern in Different Bacterial Species
Since restriction enzymes are considered to be a bacterial defense against foreign DNA, they must discriminate between self and foreign DNA and therefore are a characteristic of each type of bacteria. One would expect that the number of restriction sites for a given enzyme depends on the bacterial genome under investigation. Figure 4 shows banding patterns obtained with EcoRI + Cfr10I restriction enzymes on three laboratory E. coli strains (DH5α, JM110, and JM2163) and on two isolates of (S.) Dublin. Fewer bands were detected with (S.) Dublin than with E. coli, with this restriction enzyme combination confirming that there is an interspecies difference in the restriction fragments. Only 10-12 bands are detected in Salmonella strains ( Figure 4A , lanes 3 and 4), and this is insufficient for typing. Even without capture ( Figure 4A , lanes Research Report 1 and 2), there are fewer bands from Salmonella than E. coli. To discriminate between Salmonella strains, it is necessary to use a subtraction enzymes such as PauI, which is less stringent, allowing more fragments to escape capture.
For analysis of (S.) Dublin, EcoRI + PauI was the best combination and resulted in approximately 50 well-resolved bands, which was excellent for differentiating various bacterial isolates ( Figure 5 ). In this case, a longer 30-cm agarose gel was used to increase discriminating power (a function of the number of bands) without sacrificing reproducibility (a function of the strength of the bands and the spacing between them).
DISCUSSION
Genomic polymorphism within bacteria species is the molecular basis for genomic typing. Typing methods are important for detection of new mutations in strains intended for immunization, for the detection of hypermutable strains such as those found among pathogenic E. coli and Salmonella Spp. (9) , and for epidemiological studies where previously unidentified strains may be encountered.
Some typing methods require sequence information for the regions to be analyzed so that, for example, PCR primers or hybridization probes can be synthesized. This is true for some forms of microarray analysis based on oligonucleotide synthesis or immobilization and is true for SNP analysis in which regions containing a polymorphism must be amplified. In some instances, however, it is an advantage to have a method that can detect unanticipated alterations to the genome. One advantage of RFLP-based methods (pulsed-field gel electrophoresis, restriction fragment end labeling, and AFLP) is that they do not depend on the prior knowledge of target sequences and can thus detect sequence variations in "anonymous" DNA. These anonymous DNA typing methods essentially reveal SNPs because restriction enzyme cutting is blocked by a singlebase sequence change.
When rare cutting enzymes are used on a bacterial genome such as (S.) Dublin, only a limited number of large fragments is produced, and pulsed-field gel electrophoresis can reveal all or most of them. It is difficult to resolve a large number of fragments by conventional pulsed-field gel electrophoresis because band overlapping becomes a problem. Restriction fragment end labeling is a method by which all restriction fragments are end-labeled for detection, but, because of the limitations of gel electrophoresis, only a fraction of these bands can be resolved at the low molecular weight range. Fragments longer than 400 bp tend to be crowded and cannot be resolved (22) . AFLP uses selective primers to amplify a subset of restriction fragments for detection. The gels used for restriction fragment end labeling and AFLP can resolve more bands than is possible with pulsed-field gel electrophoresis, but band distribution is not optimized.
With SRF, the total number of restriction fragments is substantially reduced so that there is generally more space between bands, but, more importantly, a greater proportion of larger fragments are removed than smaller fragments. This bias in removing the larger bands has the effect of giving equal band spacing over the entire length of a standard electrophoresis gel and maximizes the information content of the gel ( Figure 5) . Theoretically, when the number of informative bands is increased, the discrimination power of the analytical method increases. The number of resolved bands with SRF is similar to that obtained by the AFLP method that is based on PCR, ligation, and high-resolution polyacrylamide gel separation. Our first experiments showed that the SRF technique could be used not only with agarose gels but also with high-resolution polyacrylamide gels to produce hundreds of well-resolved bands. The number of detected bands is limited only by the resolution of the gel system and can be adjusted by choosing new combinations of restriction enzymes.
The size and number of fragments left in solution after the capture step of SRF is determined by the cutting frequency of both restriction enzymes used. It is clear that if the detection enzyme producing 5′ TTAA overhangs cuts more frequently, then the general size and number of detected fragments will be higher. On the contrary, if the subtraction enzyme producing 5′ GCGC overhangs is a more frequent cutter, then the average fragment size will also be smaller, but the number of bands is reduced. Fewer bands remain when the GCGC-producing subtraction enzyme cuts more frequently. One biotin-labeled dCTP incorporated in the filling reaction is sufficient for removal by the streptavidin-coated magnetic particles. More and more bands have at least one 5′ GCGC overhang and will be captured when the subtraction enzyme cuts more frequently. The choice of the detection enzyme is determined as follows. It should cut bacterial DNA every 5-10 kb. Taking into consideration the size of the E. coli genome (4.6 × 10 6 bp) and EcoRI enzyme cutting frequency of every 7 kb, the calculated number of fragments is about 660. The subtraction enzyme that cuts more frequently removes most of the fragments. For example, in Figure 3 , the effects of MluI, PauI, and Cfr10I on the number of detected bands are shown. Enzyme MluI cuts E. coli DNA every 4 kb, with 2 kb for PauI and 800 bp for Cfr10I. The total number of fragments in a restriction digest is increased, but there is a progressive majority of fragments with 5′ GCGC overhangs. This results in fewer and fewer bands detected (Figure 3) .
Each electrophoretic separation system (agarose vs. polyacrylamide gels; capillary electrophoresis, conventional horizontal slab gel electrophoresis, or verticle "sequencing" electrophoresis) has inherent limits with respect to resolution and fragment size range, so, to maximize information content, it is desirable to select an optimal pair of SRF enzymes for the system being used. With the conventional agarose gel and the E. coli genome, the best choice is EcoRI + Cfr10I, while, for Salmonella, the best choice is EcoRI + PauI. These combinations give a range of well-separated fragments from 1 to 6 kb (Figures 3, 4 , and 5). Other candidate TA overhang-producing detection enzymes (AseI, NdeI, VspI, ApoI, and MfeI) were not needed for the E. coli or (S.) Dublin genomes but would be valuable tools for other bacterial genomes. The number of restriction fragments is not the only consideration when choosing an SRF enzyme pair. The enzyme pair that we tested (EcoRI/PauI) produced a more variable banding pattern (higher discrimination) in one strain of Salmonella than another, so it is useful to test several combinations and select the one that produces the highest discriminatory index for the strains or isolates under analysis.
To use the method in epidemiological investigations, it would be necessary to have tests extensively performed by many research groups using reference strains and various sources of reagents.
In conclusion, SRF represents a significant improvement over other methods for genomic typing of bacteria. Future improvements to SRF will be directed to reduce the time of analysis from two days to one day. Agarose gel electrophoresis requires 16 h, but highvoltage polyacrylamide electrophoresis can reduce this to 3-4 h. However, the greatest improvement in speed will come from reducing the time for analysis. One means of accomplishing this would be to use direct silver staining of the polyacrylamide gel. This would reduce the detection time from overnight to 90 min. Alternatively, fluorescently labeled fragments can be detected within 20 min using fluorescent scanners such as Typhoon or FluorImager (both from Amersham Biosciences) with sensitivity approaching 10 pg/ band. Capillary electrophoresis could also reduce the time of analysis to less than an hour (10, 19) .
Research Report 
